OBJECTIVES: In recent years, there has been an increasing interest in monitoring the quality of cardiac surgical performance. The aim of the present study was to apply control charts (CUSUM curves) to monitor the performance of minimally invasive mitral valve procedures to enhance quality control for that operation.
INTRODUCTION
Time series analysis methods report graphs of changes in outcome rates over time and may seem particularly promising for monitoring individual and departmental performance [1] . Among these, cumulative sum (CUSUM) is a visual method that allows the user the user to easily establish whether a production process is 'in control' or has become 'out of control'. The graphical presentation of CUSUM results permits rapid assessment of competence and readily demonstrates the acquisition of skill at a given task simply by assessing the slope of the curve. CUSUM charting has been found effective in measuring and monitoring cardiac surgery outcomes [2] [3] , yet to our knowledge little attention has been paid to this methodology for monitoring performance in minimally invasive valvular procedures. In the present study, we report our experience with control charts to monitor individual surgeons and departmental performance for minimally invasive mitral valve surgery (MIMVS) performed at our institution over a 7-year period.
MATERIAL AND METHODS
A detailed database of clinical and procedural variables has been maintained on all patients undergoing cardiac surgery in our unit since 2001. All the data presented in the study were prospectively collected and entered into our institutional database, which includes 10 sections that are filled in consecutively by anaesthetists, surgeons, perfusionists, intensive care units and ward doctors. We prospectively analysed data from 936 consecutive MIMVS procedures performed between September 2003 and March 2011. No cases were excluded from analysis. The study was approved by the clinical audit committee of the G. Pasquinucci Heart Hospital to meet ethical and legal requirements, and individual consent was waived.
Definitions of surgical failure
Perioperative death is rare after elective or urgent isolated mitral operations (1.9% in our institution during the study period). It is therefore unsuitable for monitoring performance. We thus sought a more sensitive outcome, and in advance of any analyses we defined surgical failure as the occurrence of one or more of the following events: (i) perioperative death (all deaths within 30 days of operation irrespective of where the death occurred and all hospital deaths after 30 days among patients who had not been discharged after the index operation); (ii) intraoperative conversion to sternotomy; (iii) perioperative myocardial infarction (new Q-waves >0.04 ms and/or a reduction in R-waves >25% in at least two contiguous leads on electrocardiogram); (iv) perioperative aortic dissection; (v) stroke; and (vi) in-hospital reoperation for any cause.
Anaesthetic and surgical technique
Our operative technique has been previously described [4] . Briefly, it consists of a small (5-7 cm) right antero-lateral thoracotomy in the third or fourth intercostal space. After incision, a soft tissue retractor is inserted and intercostal space is gently spread with a retractor, without rib cutting. Two trocars are inserted into the thorax to allow positioning of ventricular vent, CO 2 insufflator, camera device and pericardial stay sutures.
Whereas at the beginning of our experience the approach involved retrograde arterial perfusion and balloon endoclamping, the procedure has evolved to a technique with ascending aorta cannulation, long femoral venous cannula drainage and direct transthoracic aortic clamping. Antegrade cold crystalloid cardioplegia is delivered directly into the ascending aorta by a needle vent catheter. The mitral valve is approached with a traditional left paraseptal atriotomy and exposed using specially designed atrial retractor held by a mechanical harm inserted through a right parasternal port. Mitral valve procedures were performed under a combination of direct vision and thoracoscopic assistance.
CUSUM charting
The statistical principles were adapted from the comprehensive tutorial by Rogers et al. [1] . CUSUM is defined as: Sn = (Xi -p0), where Xi = 0 for success and Xi = 1 for failure. The graph starts at 0, but is incremented by 1 -p0 for a failure and decremented by p0 for a success. For the purpose of this study, p0, or the 'acceptable failure rate', was set at 10% for the sum of all seven of these adverse outcomes. In addition, 80% 'alert' and 95% 'alarm' boundary lines were calculated using a 'target failure rate' of 10%. This graph is very intuitive because it is easier to identify changes in the failure rate: the graph moves upwards if the failure rate increases and downwards if it decreases. The crossing of an upper boundary was interpreted as an increase of the failure rate to an unacceptably high level of p1 = 0.2, whereby crossing the lower 95% boundary led to the conclusion that the complication rate was equal to or below the accepted rate of p0. If the curve moves in between the boundary lines, it indicates lack of statistic significance and triggers merely further monitoring.
All statistical analyses were performed with SPSS version 15.0 (SPSS, Inc., Chicago, IL, USA). In addition to CUSUM curves, standard statistical tests were used to compare performance between surgeons. Continuous data were expressed as mean ± SD, and categorical data as percentages. Differences between surgeons were compared with the use of Student's t-test or with the analysis of variance where appropriate for continuous variables and with the χ 2 test for categorical variables. Nonparametric methods were used for variables that were not normally distributed.
RESULTS

Overall complication rate and institutional CUSUM curve
Between September 2003 and March 2011, 936 MIMVS procedures were performed at our institution. During the 7-year study period, there has been a constant increase in the number of MIMVS procedures (Fig. 1) . The overall failure rates were 8.5% (80/936). The incidence of in-hospital mortality was 1.8% (17/ 936) and compared favourably with the predicted mortality calculated by the logistic EuroSCORE of 7.3%. The most frequent failure was reoperation for bleeding (44 patients; 4.7%), which accounted for 55% of all surgical failures. Variation of the incidence of surgical failure over time is reported in Fig. 2 .
The Institutional CUSUM curve (Fig. 3) shows a positive slope for the first 100 patients, reflecting the learning curve associated with this new procedure. During the initial phase, the curve remained between the lower and alert boundary lines and finally the process came under control at operation number 101. Subsequently, the curve ran almost horizontally with some small 
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cluster of surgical failure. After operation number 550, the curves presented a smooth constant downward inflection.
Individual surgeons' performance
Seven surgeons were involved in the MIMVS programme, achieving a different level of experience ranging from 401 to 21 operations. Two surgeons performed more than 100 operations. The baseline characteristics, the number of operated cases and the frequency of complications for every surgeon are listed in Tables 1 and 2. CUSUM failure graphs for each surgeon are shown in Figs 4-6. There was a great variability among surgeons in their CUSUM failure curves. Surgeon A, who introduced MIMVS to our institution, presented a curve that reflected the typical learning curve process. His curve presented a steep slope at the beginning, crossing the alert boundary line at operation 16. After this initial phase, the curve started to run horizontally and it crossed the lower boundary lines at operation 116. Subsequently, the curve had a small plateau and then started to move downwards. It is important to note that Surgeon A has performed more than half of the MIMVS procedures at our institution and he routinely performs the more complicated cases and the vast majority of redo and urgent procedures. Surgeons B and C started to perform MIMVS in 2005 and were directly trained by Surgeon A. Their CUSUM chart presented a mild, positive slope at the beginning, which was less steep than the initial curve of Surgeon A. Their CUSUM curves crossed the lower boundary lines at operations number 48 and 44, respectively. Consecutively, both surgeons present a constant downward inflections of the curve. Surgeon D, who started to perform MIMVS in 2006, faced an initial cluster of failures from operation number 3 to operation 15, reflecting his learning curve. Then he experienced a period of good performance and the process came under control at operation number 29. After a long period of positive results without failures, he presented a steep increase in his complication rate, as reflected by his curve. On closer analysis, the main problem was a high frequency of reoperation for bleeding. As the surgeon became aware of the problem, the results improved Values are expressed as mean ± standard deviation and number (percentage), unless otherwise specified. NYHA: New York Heart Association; COPD: chronic obstructive pulmonary disease; AF: atrial fibrillation; EF: ejection fraction.
towards the end of the period under review. Surgeon E joined our MIMVS programme in 2008 at the end of his residency. His curve shows an initial mild, positive slope up to operation 10, followed by a negative inflection of the curve which crossed the lower boundary line at operation 23. Surgeons F and G are performing well, but their total experience is too small to allow for a valid statement. However, it is interesting to note that their curves do not show any learning curve effects.
DISCUSSION
Minimally invasive approaches have been used with increasing frequency for heart valve repair and replacement surgery over the past 10 years. The belief that this approach leads to less pain, shorter hospital stays, faster return to normal activities, superior cosmesis and potential cost savings has driven this development in most centres worldwide [5] [6] [7] . This evolution towards less invasive techniques has been characterized by the development of dedicated surgical tools, modified perfusion methods and visualization techniques. However, some concerns about the safety and reproducibility of such interventions have been raised up. Importantly, it is universally accepted among cardiac surgeons to keep efficacy and safety competitive in relation to standard surgery. In other words, the benefits of minimally invasive approach must be reached without compromising the quality of the operation and increasing the morbidity and mortality of standard open procedure. Within this paradigm, performance monitoring and learning effect surveillance of minimally invasive mitral procedure have become two mandatory responsibilities of individual cardiac surgeons and institutions. The traditional way of auditing surgical results with retrospective analysis of outcome data and statistical testing presents many limitations when describing learning curve and performance monitoring. Such data are usually presented by year or other arbitrarily defined periods. This approach takes an average surgical performance over time, it may hide clusters of failure and limits our understanding of the learning process. A more appropriate statistical tool is represented by time series analysis [8] . These methods report graphs of changes in outcome rates over time and may seem particularly promising for monitoring learning effect and performance. They can be applied to operators with both a high volume and a low volume of cases. The use of CUSUM analysis in cardiac surgery was pioneered by De Leval et al. [9] to monitor surgical performance in paediatric cardiac surgery. From that moment, several authors recognize the utility of CUSUM method to assess cardiac surgery results. Novick and colleagues [10, 11] used this statistical tool to analyse the performance of a single surgeon shifting from on-pump to 
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Values are expressed as mean ± standard deviation and number (percentage), unless otherwise specified. AF: atrial fibrillation; CPB: cardiopulmonary bypass; MI: myocardial infarction; ICU: intensive care unit. off-pump cardiac surgery and then to monitor the learning curve of telerobotics CABG. Holzey et al. reported an extremely interesting study on the evolution of MIDCAB performed by eight surgeons at a single institution [12] . Caputo et al. adopted the CUSUM curves to explore and monitor the learning curve of residents exposed to off-pump CABG [13] . The basic principle of the CUSUM curve is reward or punishment with each consecutive attempt, according to the inherent risk of the procedure.
Nevertheless, the precise way in which control charts are set up needs to be considered carefully. In our study, for example, the occurrence of a surgical failure in each procedure accounted for a 0.9 (upwards) inflection in the curve, whereas each success determined a 0.1 (downwards) inflection. After careful literature review, we decided to use an acceptable failure rate of 10% because many publications on large consecutive MIMVS series revealed a major complication rates of 10-15% and our target was directed towards the lower end of this range [14] [15] [16] . However, the setting of the acceptable failure rate is completely arbitrary and actually no benchmark results for MIMVS are available.
Our study shows that it is relatively simple to implement control charts for continuous individual and departmental performance monitoring. This analysis can be updated regularly and performed without complex software. The great strength of CUSUM charts is that they can easily and quickly identify the trend. If the trend suggests that the process is going out of control, it is mandatory to closely analyse the process. On the other hand, if the trend is suddenly improving, it is also interesting to identify the reasons for this change. At the beginning of our experience, we faced an elevated incidence of failures, especially reoperation for bleeding and stroke. For this reason, after running a departmental audit, we decided to change our surgical technique. In order to simplify the procedure and reduce the incidence of complications, we shifted from femoral artery perfusion with endo-aortic balloon occlusion to central aortic cannulation with transthoracic cross-clamp whenever possible. Doing this, we observed a reduction in the incidence of complications as reflected by the Institutional CUSUM curve. Although it is difficult to weigh the role played by this technical change in the outcomes, similar experiences have been described by other institutions [17, 18] . Also, the position of the surgical incision has changed during the study period. Indeed, at the beginning of our experience, thoracoctomy was mostly performed anterolaterally in the third intercostal space, in an effort to facilitate ascending aorta cannulation and its control in case of bleeding. However, an antero-lateral third space incision may reduce the visualization of the anterior anulus, and passing sutures in the intertrigonal portion of the mitral anulus may be a hard task, especially in patients with a small left atrium. For these reasons, after gaining experience with central aortic cannulation, we moved to a pure lateral thoracotomy in the fourth intercostal space. This incision allows to optimally visualize the entire mitral valve and facilitates valve analysis and repair.
During the 7-year study period, we have identified some periods of less than expected trends. In these cases, surgeons who faced these clusters of failures underwent a close review of their results and in some instances actions were taken in an effort to improve the results.
Our data show that an initial training period is usually required for the majority of surgeons to become proficient in these complex procedures. This initial training period or learning curve often consists of a steep gradient, which varies among surgeons. Our results also show that this learning curve can be quickly mitigated with experience. Moreover, we observed that while the institution increased the volume of MIMVS procedures and more surgeons became proficient in this technique, the learning curve of new surgeons introduced to MIMVS was less steep and long. The association between procedural volume and outcomes for many cardiac surgical procedures, including mitral surgery, has been studied extensively, with many reports demonstrating improved clinical outcomes in high-volume centres [19] [20] [21] . In our centre, the number of MIMVS procedures has increased rapidly during the last 7 years, and at the same time the number of surgeons performing this operation has increased too. Actually, our policy is to maintain a minimum volume threshold of 25 MIMVS procedures per year per surgeon in an effort to preserve technical skills and proficiency. Maintaining highquality results in a cardiosurgical department over a sustainable period requires transfer of knowledge to new personnel. Indeed, MIMVS is a complex and challenging procedure that requires a strict collaboration between surgeons, anaesthetists and theatre staff. Since the beginning of our MIMVS programme, we have developed a training programme for perfusionists and scrub nurses, which consists in theoretical and practical lessons and operative supervision. In addition, a structured operative protocol is constantly reviewed and updated by a multidisciplinary team composed of surgeons, anaesthetist and theatre staff. Training inexperienced surgeons to perform MIMVS can affect department results and performance. For this reason, it is mandatory that surgical training is structured and closely monitored. Our policy is to expose surgeons approaching MIMVS, first to institute cardio-pulmonary bypass through thoracotomy, before gradually moving to performing on a simple MIMVS case, like posterior leaflet resection or isolated mitral anuloplasty. This allows trainees to become progressively used to all the aspects of minimally invasive techniques before attempting to perform complex cases. The use of video assistance represents an important tool for surgeons introduced to MIMVS. Indeed, the camera allows for interactive lessons on mitral repair and the trainees have the chance to actively discuss mitral anatomy and repair techniques on live cases with senior surgeons. In conclusion, MIMVS surgery is a safe and reproducible technique that can be performed with low mortality and morbidity, but a consistent number of procedures are required to get through the learning curve. Surgeons who want to start an MIMVS programme should have a structured period of training at institutions that perform large number of these operations per year, with surgeons, anaesthetists and theatre staff proficient in using the technique. Control charts may provide an understandable and up-to-date overview that allows detection of runs of good or bad outcomes and can encourage local investigation and learning. Our primary aim is to encourage the evolution of MIMVS but at the same time maintaining high standard of care. Studies such as this and others are important to explore learning curve process and audit performance and to reassure patients that good clinical outcomes are being achieved.
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APPENDIX. CONFERENCE DISCUSSION
Dr I. Den Hamer (Groningen, Netherlands): I think it's very important these days that we perform good quality control and that we, as surgeons, carefully analyse our own CUSUMs. I have a few questions. First of all, you stated a target failure rate of 10%. What exactly made you choose 10%?
Dr Murzi: Well, we decided to set the acceptable failure rate to 10% after reviewing the literature. We knew that perhaps the risk-adjusted CUSUM curve represented a better option for monitoring surgical results. However, at the beginning of our experience, we just based our decision on the available literature at that time, and we know that at the beginning of the last decade, minimally invasive surgery had a higher failure rate than now. So what we are doing now is to maintain a 10% failure rate while trying to shift from 10% to 5%. However, we are working with our institution to use the risk-adjusted CUSUM curve. That's why I agree with you that maybe 10% is just a little bit too much now, but at the beginning of our experience it was in our opinion an appropriate failure rate.
Dr Den Hamer: And the second question is, you switched from femoral to central aortic cannulation. Which complications made you do that and do you see fewer of those complications now?
Dr Murzi: Yes, we observed that after shifting from femoral perfusion with EndoClamp to central aortic cannulation with a transthoracic aortic clamp, we observed a reduction in the neurological complication rate. And the other thing is that the operation is easier, it goes more smoothly, and you avoid problems with the femoral perfusion. Furthermore, in our opinion, central cannulation is a more physiological perfusion and transthoracic clamping is easier than EndoClamp and so we believe that this is the way to go.
Dr P. Perier (Bad Neustadt/Saale, Germany): It is interesting to see the learning curve beautifully demonstrated, and also the fact that you can reduce the learning curve if you train the people around you. You state in your conclusion that minimally invasive mitral surgery should be restricted to centres which are doing a minimum number of cases per year. My question is one that people very often ask and which is difficult to answer: do you have a number? What do you think 'minimum' means?
Dr Murzi: It is very difficult to answer. We know it is difficult, because what we have seen is that when an institution starts to perform minimally invasive mitral surgery, the operating room assistants, the anaesthesiologists, the nurses, are not trained, and so the learning curve is very steep, because you have to learn by yourself. On the other hand, when the institutions are experiencedand this also includes cardiologists, anaesthetists, and obviously surgeons-we have seen that it's possible to train young surgeons, residents or new surgeons that are not proficient with this technique. So what we recommend is that the training should be performed with the supervision of surgeons proficient in this operation and in an institution which is proficient, too.
